We previously demonstrated that the neutral sphingomyelinase (nSMase) 2 is the sole sphingomyelinase activated during cigarette smoke (CS)-induced oxidative stress of human airway epithelial cells, leading to ceramide generation and subsequent apoptosis of affected cells. Since then, we reported that nSMase2 is a phosphoprotein, the degree of enzymatic activity and stability of which are dictated by its degree of phosphorylation. Simultaneously, the non-receptor tyrosine kinase and protooncogene Src has increasingly become a target of interest in both smoking-related lung injury, such as chronic obstructive pulmonary disease, and lung cancer. Within this context, we tested and now present Src as a regulator of ceramide generation via modulation of nSMase2 phosphorylation and activity during CSinduced oxidative stress. Specifically, we provide evidence that Src activity is necessary for both CS-induced ceramide accumulation in vivo (129/Sv mice) and in vitro (human airway epithelial cells) and for nSMase2 activity during CS-induced oxidative stress. Moreover, because nSMase2 is exclusively phosphorylated on serines, we show that this occurs through Src-dependent activation of the serine/threonine kinase p38 mitogen-activated protein kinase during oxidative stress. Finally, we provide evidence that Src and p38 mitogen-activated protein kinase activities are critical for regulating nSMase2 phosphorylation. This study provides insights into a molecular target involved in smoking-related lung injury, represented here as nSMase2, and its modulation by the oncogene Src.
epithelial (HAE) cells resulted in accumulation of ceramide, which led to caspase 3-dependent apoptosis (6) . We subsequently cloned and identified the nSMase2 as the sole sphingomyelinase responsible for these observations by showing that nSMase2 knockdown (small interfering RNA [siRNA]) suppressed both ceramide generation and apoptosis of HAE cells during CS exposure (5) . Intriguingly, we could demonstrate that the oxidative stress component of CS, an equivalence of 200-600 mM H 2 O 2 generated in situ per cigarette, was the driving force behind CSinduced ceramide generation (5) . Since then, we reported in vivo (in lungs of mice and rats) that CS-induced ceramide generation and subsequent apoptosis of airway epithelial cells are dependent on nSMase2 function, and that nSMase2 is significantly overexpressed in those rodent lungs and also in the lungs of human patients with emphysema (smokers) compared with their respective controls (4) .
Our studies into the molecular mechanism of nSMase2 regulation showed that nSMase2 is a protein exclusively phosphorylated on serine residues, and found that calcineurin (CaN), a serine/threonine phosphatase, binds to and dephosphorylates nSMase2 (7) . However, during H 2 O 2 -induced oxidative stress, CaN becomes inhibited by oxidation of its catalytic cysteine and is degraded, increasing nSMase2 phosphorylation and activity. After these observations, we continued our investigation by searching for the kinases responsible for nSMase2 phosphorylation. Within this study, we interrogated the potential role of Src in transducing signaling from CS-induced oxidative stress to nSMase2.
The non-receptor tyrosine kinase, Src, is a well studied proto-oncogene known for both its overexpression and overactivation in various cancers, including non-small cell lung cancer (8) (9) (10) (11) (12) . At the same time, although the role of Src in smoking-related pulmonary diseases is fairly unexplored, a recent study by Geraghty and colleagues (13) suggests that Src is also activated in the lungs of patients with chronic obstructive pulmonary disease (COPD). Importantly, several studies have demonstrated that Src is activated by CS exposure in vitro (13) (14) (15) under the same conditions that we observed nSMase2-dependent ceramide generation. Thus, we tested herein whether Src activity mediates nSMase2 function during CS-induced oxidative stress.
We provide evidence that Src activity regulates ceramide generation via nSMase2, providing a mechanistic explanation for the role of Src in smoking-related pulmonary diseases. Moreover, we show that this occurs through the intermediate p38 mitogenactivated protein kinase (MAPK) during CS/oxidative stress in HAE cells. Finally, we demonstrate that this may be happening due to modulation of nSMase2 phosphorylation by Src and p38 MAPK during oxidative stress.
Materials and Methods
Cell Culture, Treatments, Transfections, and Reagents A549 (ATCC, Manassas, VA) and immortalized human bronchial epithelial cells (HBE1) (from Dr. Reen Wu, University of California Davis [UCD], Davis, CA) (16, 17) were used for this study, and are collectively referred to as HAE cells. Culturing, transfection, and treatment conditions are described in the online supplement.
CS Exposure
Serum-starved cells were exposed to CS, as described previously (18) . Cells were placed in a vacuum oven with a chamber volume of 0.45 ft 3 at a constant 37 8 C. Negative pressure was generated by vacuum (z10 Hg) and smoke from one cigarette (3R4F; University of Kentucky, Lexington, KY) was drawn into the chamber through a valve.
Immunoblotting
Equal protein amounts were loaded into each well of the SDS-PAGE in the presence of SDS/dithiothreitol loading dye. After SDS-PAGE separation, the proteins were transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA), followed by routine immunoblotting (IB), described in the online supplement with antibody concentrations and manufacturers.
Animal Study
All procedures were performed in accordance with an institutional animal care and use committee-approved protocol. Animals were housed and cared for by the veterinary staff of the Center for Health and the Environment at UCD, described in the online supplement, and were routinely screened for health status by serology and histology of sentinels by the veterinary animal resources facility.
A total of 24 6-month-old 129/Sv mice were used in this study. Mice were exposed to either environmental tobacco smoke (ETS) that consisted of an average 60 mg/m 3 total suspended particular matter generated from reference cigarettes (Kentucky 3R4F) or to filtered air (FA) for 6 h/d for 5 days. The mice were given daily intraperitoneal injections of either dasatinib (2.5 mg/kg; Millipore, Billerica, MA) dissolved in 9:1 PBS:DMSO or vehicle.
Immunohistochemistry
Paraffin-embedding and sectioning were performed at the Cellular and Molecular Imaging (CAMI)-core facility at the Center for Health and the Environment of UCD. Paraffin-embedded tissue sections were deparaffinized with xylene washes and rehydrated with several washes in ethanol/ water solutions. Tissue sections/slides were processed as previously described (4). 
Mass Spectrometric Analyses
Raw cell homogenates of 400-600 mg total protein in were frozen in 280 8 C until sent for mass spectrometric analyses of ceramide species at the Medical University of South Carolina Lipidomics Core, as described previously (19) . Relative quantified ceramide species were normalized to total proteins calculated by Bradford assay (Bio-Rad).
nSMase Activity Assay nSMase enzymatic activity was determined as previously described (20, 21) . After reaction termination and phase separation, the upper phase was collected, and radioactivity was determined by liquid scintillation counting. nSMase activity was normalized to the amount of total protein for nontransfected cells, determined by Bradford protein assay, or the level of V5-nSMase2 transfection, determined by IB with a-V5 antibody.
Diacylglycerol Kinase Assay
Ceramide was quantified by the diacylglycerol (DAG) kinase assay as previously described (22) , and described in detail in the online supplement.
Immunoprecipitation
Total protein extracts (200-300 mg) were incubated with 2-3 mg of a-V5 antibody (Invitrogen), then precipitated with protein A-agarose bead complexes (Repligen, Waltham, MA) as previously described (23).
P In Vivo Labeling for Assessing nSMase2 Phosphorylation
Cells stably expressing V5-nSMase2 were incubated with [ 32 P]-labeled orthophosphate (Perkin Elmer, Shelton, CT). Details of these experiments are in the online supplement.
Statistical Analysis
Each experiment was repeated at least three times unless reported otherwise. Plotted data are reported as mean (6 SD). Statistical significance was determined by Bonferroni's multiple comparison post hoc analysis using one-way ANOVA analyses of the data, using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA). P values of less than 0.05 were considered statistically significant.
Results

Src Activation by CS Is Dependent on Oxidative Stress
We and others previously observed that Src and Src family kinase (SFK) members become robustly activated (phospho-tyrosine [Tyr] 416) in HAE cells exposed to CS (14, 15) and in the airway epithelium of smokers (8) . We also reported that lung epithelia exposed to CS have increased ceramide, which is specifically attributed to nSMase2 activation by oxidative stress (5) . In addition, we previously showed that Src can be activated by both oxidative stress (18) and CS exposure (14) in HAE cells. Furthermore, a recent study proposed the role of Src in COPD (13), but the downstream mediator (s) for such a role is unprecedented. To determine whether there was a mechanistic connection between ceramide generation and Src activation in the CSexposed lung, we initially tested whether CSinduced Src activation was also dependent on oxidative stress. A549 cells were incubated (or not) with 10 mM glutathione (GSH) for 1 hour and subsequently exposed to smoke from one cigarette for 30 minutes. The cells were lysed and underwent IB for pY416-Src and total Src. As illustrated in Figure 1 , A549 cells exposed to CS led to activation of Src. However, this response was significantly suppressed by GSH, indicating that Src activation during CS exposure is dependent on the oxidative stress component of CS. Interestingly, the total expression of Src became slightly elevated in the presence of GSH, particularly during CS exposure, which suggests that Src becomes stabilized via its inactivation, as previously discovered (24, 25) . Similar findings were observed in HBE1 cells (data not shown). These data, along with those of our previous studies showing Src activation by H 2 O 2 (26, 27) , conclusively demonstrate that Src becomes activated during CS-induced oxidative stress. Therefore, the shared stimuli of CSinduced oxidative stress in both ceramide generation and Src activation led us to next test whether Src might be involved in CSinduced ceramide generation in the airway epithelium.
CS-Induced Ceramide Elevation and CS-Related Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling-Stained Apoptotic Cells Are Src Dependent
Previously, our group investigated the mechanism of CS-induced ceramide accumulation in the airway epithelium (4), where we identified nSMase2 as the critical sphingomyelinase responsible for those observations. Therefore, we next tested whether Src activity might play a role in CS-induced ceramide generation in vivo.
129/Sv mice (6 mo old) were treated daily with intraperitoneal injections of dasatinib, a U.S. Food and Drug Administration-approved Src inhibitor (or vehicle control), then exposed to either ETS or FA, described in detail under MATERIALS AND METHODS. The lung tissues of these mice were preserved, paraffin embedded, and then sectioned for probing and analyzing ceramide levels by in situ localization, as validated previously (4, 26) . Tissue sections were probed with anticeramide antibody complex, as described under MATERIALS AND METHODS, before confocal microscopy analysis. Fluorescence emitted by the ceramide-antibody complex was normalized to 49,6-diamidino-2-phenylindole (nuclei; representative of cell number) staining. Consistent with our previous observations, ceramide levels were significantly increased in the lungs of mice exposed to ETS compared with those exposed to FA (Figures 2A and 2B) . Importantly, mice that were treated with dasatinib had significantly reduced ceramide levels, suggesting that Src played an important role in CS-induced ceramide accumulation in the airway epithelium. Given the established finding that ceramide accumulation precedes CSinduced apoptosis of airway epithelial cells (4-6), we next tested whether Src inhibition in vivo affected CS-induced terminal deoxynucleotidyl transferase dUTP nickend labeling (TUNEL) staining of the airway epithelium. Prepared lung tissue sections of FA-or ETS-exposed 129/Sv mice were probed with TUNEL reagent, and fluorescence emitted by TUNEL was normalized to 49,6-diamidino-2-phenylindole. As expected, mice exposed to ETS presented with elevated TUNEL staining (z8.5-fold) in their airway epithelium ( Figures 2C and 2D) . However, treatment with dasatinib significantly abrogated the ETS-dependent TUNEL staining, suggesting that Src inhibition may prevent some of the toxic effects of ETS via suppressing ceramide accumulation. Notably, treatment with dasatinib alone led to increased TUNEL staining (z2-fold), underscoring the importance of Src in cell homeostasis and the risks associated with inhibiting its activity.
Next, we evaluated the effects of Src inhibition on CS-induced ceramide generation in both A549 and HBE1 cells. Briefly, although A549 cells are convenient for studying cell signaling due to their rapid division and less restrictive media requirements, A549 cells are alveolar type II cells, and originate from an adenocarcinoma patient. Therefore, we also used HBE1 bronchial epithelial cells to complement and confirm our signaling findings in a broader setting of the airway epithelium. Specifically, we evaluated the levels of ceramide via IF ( Figure 3A ; see also Figure E1 in the online supplement) and by liquid chromatography-tandem mass spectrometry (LC-MS/MS) ( Figure 3C ) analyses. Either A549 or HBE1 cells were seeded onto glass cover slips, and then stimulated with CS for 30 minutes in the presence of 1 mM dasatinib or vehicle control. The cells were subsequently fixed with paraformaldehyde and probed for ceramide, as described previously here. Separately, HBE1 cells were exposed to CS for 30 minutes in the presence of 1 mM dasatinib (or not), subsequently lysed and homogenized, then stored at 280 8 C until bsent for mass spectrometric analyses for sphingolipid species at the Medical University of South Carolina lipidomics facility. Total ceramide species were normalized to total protein of each sample. As shown in Figure 3A (HBE1) and Figure  E1 (A549), ceramide levels of HAE cells seeded on cover slips were significantly increased during CS stimuli, as expected and previously reported (4, 5) . However, ceramide accumulation was significantly abrogated in cells that were incubated with dasatinib and then exposed to CS, suggesting that Src activity controls ceramide generation during CS-induced oxidative stress. These observations were reflected in the mass spectrometry analyses of total ceramide levels of HBE1 cells shown in Figure 3C . In particular, the longchain ceramide species, C24 and C24:1, were most affected by Src inhibition, followed by some modulation of C16-ceramide levels (data not shown). Importantly, although in situ quantification of ceramide (IF) consistently demonstrated a 50-70% increase in ceramide by CS both in vivo ( Figure 2B ) and in vitro ( Figure 3B and Figure E1 ), the LC-MS/MS analyses of the HBE1 cells demonstrated that total ceramide species were actually increased threefold during CS exposure ( Figure 3C ). These observations may indicate that some nonspecific binding may occur when employing the anti-ceramide antibody for IF. However, they occur consistently, and are comparable to the results of LC-MS/MS. Given these findings, we next tested whether Src-mediated ceramide up-regulation during CS/oxidative stress was dependent on nSMase2 function. Previously, we demonstrated that the upregulation of nSMase activity during H 2 O 2 -induced oxidative stress is solely due to nSMase2 activation in HAE cells: cells that were silenced for nSMase2 expression using siRNA could not up-regulate ceramide in response to oxidative stress (5) . Thus, to test whether Src plays a role in the induction of nSMase2 activity, we specifically knocked down Src expression using siRNA. A549 cells were transfected with either 10 nM Src siRNA or scramble siRNA for 48 hours, then exposed (or not) to a pulse-chase dose of 250 mM H 2 O 2 for 30 minutes. After cell homogenization and centrifugation, the postnuclear supernatant of each sample was assayed for nSMase activity, as described under MATERIALS AND METHODS. The cell homogenate was also subjected to IB for pY416-Src and total Src. Silencing of total Src expression ( Figure 4A ) resulted in complete suppression of H 2 O 2 -induced nSMase activation ( Figure 4B ). Similar findings were demonstrated by pharmacological inhibition of Src in both A549 and HBE1 cells ( Figure E2 ). However, given that Src is a non-receptor tyrosine kinase, and that nSMase2 function is controlled by phosphorylation of serines (7, 23) 
Src Is Upstream of p38 MAPK Activation
Others have previously shown that oxidative stress leads to p38 MAPK activation, which is described by phosphorylation of its Tyr180 and threonine 182 residues that leads to maximal kinase activity (28, 29 Figure 6B ), indicating that p38 MAPK controls nSMase2 activation upon oxidative stress exposure of HAE cells.
To confirm the involvement of p38 MAPK in nSMase2-dependent ceramide generation, we evaluated ceramide levels by in situ localization as before in HAE cells. A549 cells were seeded onto cover slips overnight then stimulated with CS for 30 minutes in the presence of 5 mM SB202190 or vehicle control. The cells were fixed, probed, and imaged as described earlier.
Similarly treated HBE1 cells were collected for ceramide analyses by DAG kinase, as outlined in the MATERIALS AND METHODS section. As shown in Figure 7 , CS exposure led to increased ceramide levels in situ as before, which were suppressed by p38 MAPK inhibition (SB202190). Importantly, these findings by IF (Figures 7A and 7B ) were in agreement with the relative ceramide levels measured by the DAG kinase assay ( Figure 7C ) and by LC-MS/MS ( Figure 7D ) from total lipid fractions of the HBE1 cells. Previously, we demonstrated that nSMase2 activity and its phosphorylation are intimately linked in HAE cells (7, 23) . Having shown that Src regulates nSMase2 activity by the intermediate p38 MAPK, we next investigated whether nSMase2 phosphorylation was also modulated by Src and p38 MAPK activity. For this, an A549 cell clone that stably overexpresses V5-nSMase2 was generated. We subsequently tested the effects of both dasatinib and SB202190 on nSMase2 phosphorylation and nSMase2 activity in these cells, as described in the MATERIALS AND METHODS. As shown in Figures 8A and 8B , inhibition of Src and p38 MAPK both significantly reduced nSMase2 phosphorylation. Furthermore, nSMase2 activity was consistently suppressed by both dasatinib and SB202190 ( Figure 8C ). These data indicate that Src and p38 MAPK are not only upstream of nSMase2 activity, but also upstream of nSMase2 phosphorylation. 
Discussion
In this article, we demonstrate that Src becomes activated during CS-induced oxidative stress, which appears to be upstream of nSMase2 activation by way of phosphorylation. We propose that Src serves as the molecular link between CSinduced oxidative stress and nSMase2 activation that ultimately results in ceramide accumulation and subsequent apoptosis in the CS-stimulated cell (Figure 9) . Specifically, we demonstrate that Src is activated by CS-induced oxidative stress (Figure 1) , and that CS-induced ceramide generation in situ is controlled by Src both in vivo (Figure 2 ) and in HAE cells (Figure 3 and Figure E1) . Notably, studies with HAE cells included complementary experiments in both HBE1 bronchial epithelial cells and A549 type II alveolar adenocarcinoma cells. The conceptually identical results provide proof of concept that the findings are common for all lung epithelial cells. Moreover, we show that targeted knockdown of Src by silencing ( Figure 4 ) and by pharmacological inhibition of Src ( Figure E2 ) completely suppressed oxidative stress-induced nSMase activity, the driving force behind oxidative stress-induced ceramide generation, in HAE cells.
To the best of our knowledge, this is the first ever report of Src controlling ceramide generation driven by CS-induced oxidative Figure 6 . Endogenous nSMase activity is p38 MAPK dependent during oxidative stress. (A) p38 MAPK and heat shock protein 27 (Hsp27) phosphorylation. Serum-starved A549 were incubated (or not) with 5 mM SB202190 for 30 minutes, then exposed to 250 mM H 2 O 2 for 30 minutes; 30 mg total protein of cell homogenate underwent IB for p-p38 MAPK, total p38 MAPK, phospho-Hsp27 (p-Hsp27), total Hsp27, and b-actin (loading control) to check for p38 MAPK inhibition. (B) General nSMase activity. Total nSMase activity of 75-100 mg of cell homogenate was measured. Presented nSMase activity data are the percentage of activity from untreated A549 cells after normalization to total protein levels that was determined by Bradford assay and represent the findings of six independent experiments. Extraction, labeling, and separation are described in detail in the MATERIALS AND METHODS section. Total lipids were separated by thin-layer chromatography, and relative total ceramide levels were resolved by autoradiography. Data represent ratio of total ceramide levels normalized to total protein of three independent experiments. (D) Ceramide quantification via LC-MS/MS. HBE1 cells were incubated (or not) with 5 mM SB202190 for 30 minutes, then exposed to CS as before. After treatment, cells were lysed and homogenized for quantification by LC-MS/MS analyses at the MUSC lipidomics core. Data represent ratio of total ceramide levels normalized to total protein of three independent experiments. SB, SB202190.
stress. However, a recent report from CinqFrais and colleagues (32) claims that Src can also be activated downstream of nSMase2 and ceramide generation in the presence of oxidative stress, which implicates the potential existence of a feed-forward loop that potentiates these signaling events. The biological implications of such signaling machinery are far reaching. For instance, because ceramide accumulation in lung epithelial cells is a dominant driver of smoking-related cell death and emphysema pathogenesis, as reported by us (4) and others (33) , uncovering the role of Src and the machinery that regulates ceramide generation presents an opportunity for therapeutic intervention in lung injury diseases. Consistently, Geraghty and colleagues (13) demonstrated a role for Src in smoking-related COPD. Furthermore, the potential involvement of Src, a known protooncogene, in the occurrence of lung injury presents intriguing implications in the ageold conundrum of why emphysema patients who are smokers (active and former) are prone to lung cancer development. For instance, in a 5-year prospective clinical study exploring lung cancer screening using low-dose computed tomography scans, de Torres and colleagues (34) reported that even minimal signs of emphysema increased the risk of developing lung cancer within those 5 years. Numerous studies have reported this clinical correlation between emphysema/COPD stages and lung cancer incidence, as recently reviewed by Houghton (35) . Importantly, Zhang and colleagues (8) reported that activation of SFK members (p-SFK) in the bronchial epithelium was significantly pronounced in patients with non-small cell lung cancer who are active smokers, compared with former and never smokers, suggesting that Src/SFKs may be an important target underlying the etiology of both lung injury/ emphysema and lung cancer, which may explain the connection between these two pathological conditions.
Within this context, several groups have started to illuminate the roles of ceramide in pulmonary emphysema and, to a certain degree, in lung cancer. In one of the first studies, Petrache and colleagues (33) demonstrated that, not only is de novo ceramide synthesis a critical factor in development of emphysema-like tissue states in rodents, but the addition of exogenous ceramide was sufficient in inducing the pulmonary diseases' phenotypes. Moreover, their report showed that lung ceramide species were increased in human patients with emphysema. These findings were later mechanistically mirrored and further refined by Filosto and colleagues (4) , who demonstrated that tobacco smoke exposure led to increased pulmonary ceramide levels in rodents via the nSMase2. Similarly, the role of ceramide in lung cancer was traditionally investigated within the context of its proapoptotic signaling (36, 37) . However, recent studies are starting to demonstrate the critical role of ceramide as a modulator of cell proliferation via lipid rafts or as a metabolite within the greater sphingolipid machinery, converting what was once a proapoptotic sphingolipid to ones with proliferative signaling properties (38, 39) . For example, Mitra and colleagues (40) investigated ceramide kinase and its critical role in converting ceramide to ceramide-1-phosphate (C1P), a sphingolipid metabolite demonstrated to have threshold-like effects on cell proliferation. In A549 lung adenocarcinoma cells, low levels of C1P drove cell proliferation, whereas high levels of C1P led to apoptosis, possibly due to conversion of C1P to ceramide. Such examples demonstrate that each sphingolipid must not only be considered for its individual role in cell signaling, but also within the type of signaling of related metabolites.
As a prototypical marker of inflammation, p38 MAPK is known for its many roles in the regulation of inflammatory and stress responses, and is known to be activated in cells during oxidative stress (41) and exposure to tobacco smoke (42, 43) . Moreover, p38 MAPK is a mitogen-activated kinase that requires phosphorylation of both its Tyr180 and threonine 182 residues for activation, constraining p38 MAPK activation as a convergent response of several upstream signaling pathways. In the past, several studies reported that p38 MAPK activation is mediated by SFKs, including Src (44) . Specifically, Kim and colleagues (44) reported that p38 MAPK is activated during ionizing radiation downstream of Src via Rac1, part of the Rac subfamily of the Rho GTPases. In addition, others have reported that Src regulates p38 MAPK via Raf, a MAP3K downstream of the Ras GTPases (45) . Given the wide variety of Ras and Rho GTPase members and their roles in mediating signaling from receptors to downstream MAPKs, the possibility of numerous intermediaries between Src and p38 MAPK exists. Therefore, we tested whether Src activity mediated p38 MAPK phosphorylation/activation during CSinduced oxidative stress using the Src-specific inhibitor, dasatinib. As shown in Figure 5 , Src inhibition significantly abrogated p38 MAPK activation under H 2 O 2 -and CS-stimulated conditions, suggesting that Src indeed controls p38 MAPK activation. However, given the partial suppression of p38 MAPK phosphorylation during concomitant treatment of dasatinib and CS in HAE cells, we postulate that Src may not be the only upstream effector of p38 MAPK during CS exposure.
Previously, Clark and colleagues (46) demonstrated that p38 MAPK activity regulates TNF-a-induced nSMase2 translocation from the Golgi to plasma membrane in HAE cells. At the same time, we showed that nSMase2 is increasingly phosphorylated in a dose-dependent manner upon treatment with anisomycin, a p38 MAPK stimulator (7) . Given these leads, we tested and showed that p38 MAPK affects nSMase2 activity during oxidative stress ( Figure 6 ). Complementing these findings, p38 MAPK inhibition suppressed CS-induced ceramide generation ( Figure 7) .
Importantly, past clinical studies demonstrated that p38 MAPK is more phosphorylated in the lungs of patients with COPD/emphysema (47) . Since then, novel p38 MAPK inhibitors have been developed and are undergoing clinical trials to test their safety and antiinflammatory effects in these patients. Given our results showing modulation of CS-induced ceramide levels by both Src and p38 MAPK inhibition, to what extent these drugs affect ceramide content of the airway epithelial cells in patients with emphysema should be asked when considering their efficacy in treating the disease.
Consistently, we show in this article that both Src and p38 MAPK inhibition had profound effects on nSMase2 phosphorylation and activity (Figure 8 ), indicating that nSMase2 might be activated by phosphorylation downstream of a Src-p38 MAPK axis (Figure 9 ). However, a previous study by Clark and colleagues (46) showed that p38 MAPK and nSMase2 do not directly interact with each other (by cointraperitoneal experiments); thus, we cannot exclude that additional intermediate kinases may actually communicate between p38 MAPK and nSMase2.
Furthermore, we showed that CaN phosphatase binds to and dephosphorylates nSMase2, an event that ceases to occur under oxidative stress due to CaN degradation after irreversible oxidation of its catalytic cysteine residue (7). Given the above interactions between nSMase2 and its regulators, it appears that nSMase2 phosphorylation and activity are the result of a combination of kinase activation (i.e., Src/p38 MAPK) and phosphatase inactivation (i.e., CaN) events. However, which specific serine residues in nSMase2 are phosphorylated in an Src-and p38 MAPK-dependent manner or dephosphorylated in a CaN-specific manner are not known, which represent potential avenues of future molecular studies.
In summary, we have identified Src as a novel upstream regulator of nSMase2 phosphorylation/activity and subsequent ceramide generation, via the intermediate p38 MAPK, in HAE cells exposed to CS/ oxidative stress. Therefore, the role of Src, which has been canonically labeled as an oncogene that assists tumorigenic processes, should also be considered in ceramidedriven diseases. n 
